Collision-induced dissociation, HeϩH 2 →HeϩHϩH, is studied by using a semiclassical method in which one degree of freedom ͑i.e., intermolecular radial motion͒ is described by classical mechanics and the others by quantum mechanics. In the present semiclassical treatment, the quantum motions, i.e., vibration, dissociation, molecular rotation, and intermolecular angular motion, are solved accurately without introducing any decoupled approximations. The energy dependence of the dissociation cross section and the translational and angular momentum distributions of dissociative fragments are calculated at the total energies Eр10 eV. Also carried out is the semiclassical calculation using a centrifugal sudden approximation, and the reliability of this approximation for the dissociation process is examined.
I. INTRODUCTION
Collision-induced dissociation ͑CID͒ and its reverse reaction, i.e., three-body recombination ͑3BR͒, AϩBC AϩBϩC, are fundamental processes in gas phase chemistry. In spite of their importance, a theoretical study of CID or 3BR has not been made extensively. So far, more labor has been spent rather on the study of CID than on that of 3BR, and it has been scarce to treat 3BR as an elementary three-body ͑3B͒ collision problem. It might seem that a conventional ͑two-body͒ collision methodology is more suitable for its application to the CID. From time-reversal invariance, however, CID and 3BR are mathematically equivalent 1 ͑the reciprocity theorem͒. A detailed theoretical investigation of CID would bring about also the understanding of 3BR. Since the 3BR becomes more important in gases particularly at lower temperatures, its quantum mechanical treatment is essential. Furthermore, a quantum mechanical correlation effect peculiar to the 3B system becomes very interesting at very low temperatures. 2 These facts strongly encourage us to study the CID problem also in a quantum mechanical manner. Nevertheless, most of the studies of CID ͑or 3BR͒ were based on a quasiclassical trajectory ͑QCT͒ method. 3, 4 Owing to the specific nature of double continuum motions ͑3B collisions͒, the accurate quantum mechanical treatment cannot be easily fulfilled, and is still a challenging topic.
Recently, a full quantum mechanical treatment has become possible for three-dimensional ͑3D͒ CID or 3BR processes. [5] [6] [7] [8] [9] [10] However, any of them has employed a decoupled approximation such as an infinite-order-sudden ͑IOS͒ 5, 6 or vibrational sudden 7, 8 approximation, or has assumed model potentials which are grossly simplified for the convenience of numerical schemes. 10 In particular, the IOS approximation has been inevitably introduced for realistic systems because a very large number of rotational channels must be taken into account and they make the numerical calculation significantly laborious. At the present time, an accurate 3D quantum mechanical calculation has not yet been carried out for the CID or 3BR process on a realistic potential energy surface ͑PES͒.
In a series of papers, [11] [12] [13] [14] the present author has employed a semiclassical theory to investigate the rotation, vibration, and dissociation dynamics in atom-diatom collisions at ͑hyperthermal͒ energies where the molecular dissociation becomes an open channel. In this semiclassical treatment, one degree of freedom ͑i.e., intermolecular radial motion͒ is described by classical mechanics and all the others by quantum mechanics. The semiclassical results have been compared with full quantum mechanical calculations 6, 15 for the HeϩH 2 system in which a restricted ͑collinear, T shaped, . . . ͒ collision configuration or the IOS approximation is assumed. This comparison has shown that the semiclassical method is very useful to study the hyperthermal molecular collisions and also to understand some quantum mechanical natures such as interferences and classical forbidden motions. In one of these studies 13 ͑hereafter referred to as paper I͒, the semiclassical calculation has been carried out for the CID process in HeϩH 2 by employing a centrifugal sudden ͑CS͒ approximation. In paper I, we have found that the accurate consideration of the molecular rotation is necessary and the IOS approximation is no more reliable in the CID process. For the CS approximation, however, its applicability to the CID is not yet so evident. Since the HeϩH 2 system has only a short-range repulsive force, we may be able to expect the validity of the assumption made in the CS approximation. On the other hand, paper I has found that a large angular momentum is transferred during the collisions when the dissociation occurs. Although large angular momentum transfer might affect the intermolecular angular motion, such a dynamical effect cannot be taken into account in the CS approximation. Very recently, the present author otation, and intermolecular angular motion are solved accurately without introducing any decoupled approximations. Paper II has found that the CS approximation is reliable enough to study the vib-rotational transition, and has also suggested its usefulness for the dissociation.
The present paper applies the accurate semiclassical method to the CID process in HeϩH 2 for the initial ground vibrational and rotational state at the total energies Eр10 eV. All the quantum motions, i.e., the vibration/dissociation, molecular rotation, and intermolecular angular motion, are considered accurately. In paper I, only the total dissociation cross section has been calculated. Here, we further calculate more details such as the translational or angular momentum distribution of the dissociative fragments. The translational momentum distribution is necessary to obtain the 3BR cross section by using the relation of detailed balance ͑or reciprocity theorem͒. We also examine the reliability of the CS approximation for the CID process.
II. THEORY AND NUMERICAL METHOD
The formulation of the semiclassical theory and the method of the numerical calculation are basically the same as given in paper II. Hence, here we briefly present their outline.
A. Semiclassical theory
We consider the collisions of an atom A and a diatomic molecule BC. We describe the collision system in Jacobi coordinates R and r, which are the intermolecular distance of A-BC and the internuclear distance of B-C, respectively. We choose a body-fixed ͑BF͒ frame in which the z axis is parallel to R, and the rotation from a space-fixed ͑SF͒ frame to the BF frame is given by the Euler angles (␣,␤,␥).
The total Hamiltonian of the system can be written as 16 Hϭ
Here, is the reduced mass of A-BC, P R is the radial momentum of the intermolecular motion, and
where m is the reduced mass of B-C; and J and j are the total and molecular angular momentum vectors, respectively; V(R,r,) is the PES; is the polar angle of r; and the centrifugal ͑Coriolis͒ operator (JϪj) 2 is explicitly given by
To solve the collision problem in the semiclassical way, we consider the time-dependent Schrödinger equation in which the variables R and r are described in quantum mechanics. The relevant basic equation is given by
where J, M, and p are the total angular momentum quantum number, its azimuthal component in the SF frame, and the parity (ϭϮ) of the total system, 18 respectively. The wave function ⌿ JM (p) can be expanded as
where
with D M J being the Wigner's rotation matrix element. 19 In the parity-adopted expansion ͑4͒, the states are coupled among ϭ0,1, . . . for pϭ(Ϫ1) J and only among ϭ1,2, . . . for pϭϪ(Ϫ1) J . The variable R(t) is treated as classical, and its time dependence is given by the expectation of the Hamiltonian H, i.e.,
where E is the total energy ͑hereafter, energies being measured from the bottom of the H 2 potential curve͒ and ͉͉͗͘ means the integration over the quantum mechanical variables. Equation ͑6͒ can be regarded as the energy conservation in the semiclassical theory. The time-dependent equation ͑3͒ is solved from tϭ0 to t 0 such that both R(0) and R(t 0 ) are much larger than the interaction range.
B. Numerical method
We employ a grid ͑discrete variable͒ representation algorithm. 20 We introduce a set of grid-based functions, u k (r) and v l (), which are constructed from orthogonal polynomials associated with grid points, r k (kϭ0,1,2, ...,N) and l (lϭ1,2,...,M ), respectively.
Chebyshev polynomials are utilized for u k (r), i.e.,
͑7͒
where k ϭr max /(Nϩ1)ϵ⌬r; r k ϭk⌬r; and r max is taken large enough such that the amplitude of the wave function J(p) (r,␥,t) for 0рtрt 0 is always negligible at rϾr max and the calculated transition probabilities are not dependent on r max . Since we calculate the momentum distribution of dissociative fragments, we do not apply a negative imaginary potential 21 at rϭr max . The function u k (r) satisfies
͑8͒
For a homonuclear molecule ͑BϭC͒, only the states with either even or odd molecular rotational quantum numbers j can participate in the collision process. Owing to this fact, the integration over can be taken in the range 0р р/2. Since jϭ0 is assumed as the initial state in the present study, we hereafter consider the case of even j. In introducing the grid-based function v l (), we need some attention. When is even, as in paper I, the useful form of
where P n (x)ϭ(2nϩ1) 1/2 P n (x) is the normalized Legendre polynomial; x l ϭcos l e is the zero point of P 2M (x); and w l e is the quadrature weight. The function v l e () satisfies
͑10͒
When is odd, the quadrature representation with a finite number of polynomials like Eq. ͑9͒ is inaccurate since the associated Legendre function ͑i.e., free rotational wave function͒ with ϭodd is always given by P j (x)ϭ( 1Ϫx 2 ) 1/2 ϫ ͑polynomials of x͒. Instead of Eq. ͑9͒, paper II employs for odd
is the normalized Jacobi ͑Gegenbauer͒ polynomial; 22 and x l ϭcos l o and w l o are, respectively, the zero point and weight of P (2M ϩ1)
͑12͒
Using the grid-based functions u k (r) and v l e,o (), and noticing the orthogonal properties ͑8͒, ͑10͒, and ͑12͒, we can assume the wave function J(p) in Eq. ͑4͒ as
where we have put
Substituting Eq. ͑13͒ into Eq. ͑4͒ and setting rϭr k and ϭ l e,o in Eq. ͑3͒, we have a set of coupled linear differential equations with respect to kl J(p) (t),
where 
C. Transition probabilities and cross sections
As an initial condition, we can introduce
where v j (r) is the vibrational wave function with v being the vibrational quantum number, and P j (cos ) is the nor-malized associated Legendre function. As in paper II, we define the following matrix elements at tϭt 0 :
and for the dissociation
where ប is the relative momentum of the dissociative fragments, and the dissociative wave function j satisfies the unit-momentum normalization, i.e.,
Paper II shows that the transition probability amplitude can be given in the form
, ͑20a͒
Furthermore, the relation
is convenient to obtain the probability amplitude for i Ͻ0. Using these probability amplitudes, the cross section for the vib-rotational transition (v i j i →v f j f ) can be given by
where the wave number is defined by
with ⑀ v i j i being the vib-rotational energy of the molecule.
In the present study, we define the probability density for the dissociation (v i j i → j f ) by
Integrating Eq. ͑23͒ over and summing it over j f , we obtain the total dissociation probability P v i j i J for the initial state (v i , j i ). More directly, the total dissociation probability can be calculated from the relation of unitarity in the form
where the summation is taken over all the molecular bound states. The dissociation cross sections for v i j i → j f is obtained by
which is also considered to be the translational and angular momentum distribution of dissociative fragments. We further define the angular momentum distribution as
and the ͑translational͒ momentum distribution as
where the summation is taken over all the rotational states. The total dissociation cross section is given by
or using Eq. ͑24͒
D. Relevant numerical parameters
The calculation has been carried out for the HeϩH 2 system. As in papers I and II, we have used the ab initio PES given by Varandas and Brandão. 23 The dissociation limit of H 2 is Dϭ4.748 eV, and the maximum vibrational and rotational quantum numbers for which the molecule is bound are shown in paper I. The transition probabilities have been evaluated at Rϭ8 a 0 (a 0 ϭ5.291 77ϫ10 Ϫ9 cm͒. We have set r max ϭ10 a 0 , Nϭ80, and M ϭ15 ͑corresponding to j max ϭ30). These values are the same as chosen in paper I, and was confirmed sufficient for the convergence of the CS calculation. In the present study, we have also carried out the calculations for Jϭ10 by setting r max ϭ15 a 0 , Nϭ110, or M ϭ20. We have found that the changes in the total dissociation probabilities are at most 0.2%. Therefore, the present choice of r max , N, and M is satisfactory as in the previous CS calculation. In Eq. ͑15͒, the ϭ0,1,2 states have been coupled. In paper II, the convergence with respect to the number of was checked for the vib-rotationally inelastic processes by taking р4. For the CID process, the number of needed for the convergence is smaller since small impact parameters are more important. In fact, the inclusion of ϭ0,1,2,3 in the present calculation increases the total dissociation probabilities by only 0.1%. Finally, the partial waves Jр40 are sufficient in the calculation of the CID process for v i ϭ j i ϭ0 as found in paper I. However, paper II shows that much more partial waves are needed when we study the vib-rotational transition with small energy transfer.
III. CALCULATION AND RESULTS
First, we consider the total dissociation cross section. Figure 1 shows the energy dependence of the total dissociation cross section calculated by Eq. ͑28b͒. We examine the importance of the dissociation compared with the other competing ͑i.e., vib-rotationally inelastic͒ processes. In the present calculation, the probabilities not only for the dissociation but also for all the vib-rotational transitions can be evaluated accurately as long as the semiclassical theory is valid. Here, we have also calculated the vib-rotational excitation cross sections ͑22͒. For the transition with small energy transfer ⌬Eϭ⑀ v f j f Ϫ⑀ 00 , although the maximum total angular momentum J max ϭ40 chosen in the present CID study is not sufficient to obtain the converged cross sections, we have already calculated the converged results in paper II. Figure 1 also shows the rotationally summed vibrational excitation cross section defined by
The cross sections for Eр6 eV are taken from paper II. The energy dependence of the vibrational excitation cross section is weak for v f ϭ1, and the vibrational cross section for v f у2 varies significantly in the present energy range. However, the dissociation cross section has the steepest energy dependence. Therefore, the importance of the dissociation becomes relatively large as the energy increases. Nevertheless, the dissociation cross section is not so large in the present energy region. For all the transitions, it seems that the cross section has a very small value unless the energy is much higher than the energy threshold. As pointed out in previous studies, 6, 11 it is expected that the classically forbidden motion plays a dominant role at energies not so higher than the threshold. Hence, the QCT calculation would be mostly invalid to estimate those small cross sections. The present semiclassical method can consider such a quantum mechanical effect.
11 Figure 2 shows all the vib-rotational excitation cross sections ͑that can be put into the log scale of the figure͒ plotted against the energy loss ⌬E at the total energy Eϭ9 eV. We can see that the excitation cross section decreases rapidly with increasing ⌬E. The dissociation cross section for Eϭ9 eV ͑cf. Fig. 1͒ has nearly the same magnitude as those of the vib-rotational excitation cross sections with the energy loss of ⌬Eϳ3 eV.
Next, we see the details of the CID process. Figure 3 shows the translational and angular momentum distribution of the dissociative fragments ͑25͒ calculated at Eϭ9 eV. There are two major peaks at ϳ4 a 0 Ϫ1 , j f ϭ2, and at ϳ4 a 0 Ϫ1 , j f ϭ14. The momentum ϭ4a 0 Ϫ1 corresponds to the kinetic energy ⑀ϪDϭ0.237 eV. Therefore, most of the kinetic energy is carried away by the He atom. We can see further two sharp resonance peaks at jϭ12 and 14 for ϳ1.7 a 0 Ϫ1 (⑀ϳ4.8 eV͒. These peaks correspond to the dissociation through the quasibound state (v**ϭ11, jϭ14, or v**ϭ12, jϭ12) of H 2 , i.e., HeϩH 2 →H 2 **͑v**, j ͒ϩHe→HϩHϩHe.
The reverse process of this dissociation reaction is known as the Lindemann mechanism of 3BR, and is sometimes much more important than the direct ͑nonresonant͒ 3BR. 8, 9 In Fig.  3 , no other remarkable peaks are seen. The present momentum mesh interval used to draw Fig. 3 is not small enough to see all the resonance structures. To check the importance of other resonances in the CID process, we have calculated the total dissociation cross section from the direct integration ͑28a͒ using the data in Fig. 3 ͑and also in Figs. 4 or 5͒. If several other sharp resonances ͑not seen in the figures͒ exist so that they totally have a large cross section, this integration gives a value much smaller than the correct one obtained from Eq. ͑28b͒. In the present case, the integration ͑28a͒ always gives more than 95% of the correct value. Therefore we can conclude that the contribution of other resonances is very small.
The momentum distribution of the dissociative fragments ͑27͒ is shown in Fig. 4 . Since the two major peaks seen in the distribution ͑25͒ locate at almost the same momentum ͑cf. Fig. 3͒ , the momentum distribution has only one big maximum except for resonances. This maximum position moves toward a high momentum as the total energy increases. A sharp peak lower than the big maximum corresponds to the resonance states (v**ϭ11, jϭ14 and v** ϭ12, jϭ12) of H 2 as mentioned previously. Figure 4 shows that the contribution of these resonances to the total dissociation cross section is small ͑even at low energies͒. Therefore, we can say that the Lindemann mechanism is negligible in the 3BR to the ground vibrational and rotational state of H 2 . It should be noted however that the 3BR produces the recombined molecule usually in a very high vibrational or rotational state. QCT studies 4 suggest that the resonance contribution to the total dissociation cross section can be larger than the nonresonance one for very high v i or j i though this method cannot accurately describe the resonance phenomena. A further study on the dissociation from high v i or j i states will be needed to understand the mechanism of the 3BR. Since a quantum mechanical treatment is inevitably required for the resonance process, the present semiclassical method will be promising to study the CID for high v i or j i . Figure 5 shows the angular momentum distribution of the dissociative fragments ͑26͒. The distribution has a bimodal structure with peaks at j f ϭ2 and 14. It is interesting that the positions of the two peaks are always the same regardless of the energy. The bimodal structure suggests that we can distinguish the two dissociation mechanisms ͑1͒ mainly through molecular vibration and ͑2͒ mainly through molecular rotation. When we see the contribution of the partial waves to the angular momentum distribution ͑though it is not shown here͒, we can find that the bimodal structure comes from low partial waves (JϽ10). Therefore, head-on type ͑i.e., very small impact parameter͒ collisions are responsible for this structure. As the energy increases, since the peak at the higher angular momentum becomes dominant, the dissociation through rotation is more important. This fact also indicates that the dynamics of the molecular rotation must be correctly taken into account in the CID process as found in paper I.
Another interesting thing is what type of excitation plays an important role in the energy transfer process. To see this, we define the energy loss ͑stopping power͒ cross section as 
are the contributions to the energy loss cross section coming from the pure rotational excitation (⌬vϭ0), from the vibrational excitation (⌬vу1), and from the dissociation, respectively (⌬E being the energy loss of the transition͒. Figure 6 shows these energy loss cross sections plotted against the total energy E. Over a wide energy range, Q rot has very weak energy dependence. At EϽ4 eV, the energy loss mainly comes from only the pure rotational excitation. As the energy increases, the importance of Q vib becomes large, and at EϾ6 eV, the vibrational excitation has the largest contribution to the energy loss. The dissociation contribution Q CID has non-negligible values only at EϾ9 eV. Although the energy loss is very large in the dissociation process, the dissociation cross section itself is so small that Q CID remains still small. The present result shows that the dissociation channel of the molecule can be assumed to be negligible when we consider the kinetic energy loss of the He atom incident upon the H 2 gas.
IV. EXAMINATION OF THE CS APPROXIMATION
For vib-rotational transition ͑nondissociation͒ processes, paper I has compared the accurate calculation with the CS one, and has found that the CS approximation is reliable enough. Here, we examine the reliability of the CS approximation for the CID. First, we discuss the total dissociation probabilities ͑24͒. Figure 7 shows the J dependence of the probabilities. The CS results are taken from paper I. Agreement between the CS and accurate calculations is very good for high J, and somewhat becomes poor for low J. To see the reason for this result, we calculate an average value of the final angular momentum ͑which is equal to the transferred angular momentum for j i ϭ0) defined by
In Fig. 8 , we find that the average angular momenta ͗ j f ͘ are always very large (ϳ10) for all the relevant partial waves, and the average values obtained by the accurate and CS methods are largely different from each other for low J.
When ͗ j f ͘ is larger than J, it is understandable that the CS approximation works less reliably because such large angular momentum transfer might affect the intermolecular motion. In the CS method, disregarding the total angular momentum conservation would result in the average value ͗ j f ͘ being overestimated. Overestimation of the angular momentum transfer makes the total dissociation probabilities larger as seen in Fig. 7 . This is because the centrifugal force j f ( j f ϩ1)ប 2 /2mr 2 brings about the action such that the internuclear distance of the diatom becomes enlarged. However, the relative error in Fig. 7 is at most about 30%, and hence the defect of the CS approximation is not so severe in calculating the total dissociation probabilities. When J is much larger than ͗ j f ͘ (JϾ30), Fig. 8 shows that the accurate and CS methods agree very well with each other. One may pay attention further to the possibility that the CS approximation becomes worse for higher J owing to the increasing importance of the Coriolis coupling neglected in the approxima- tion. This attention is certainly needed when we consider the vib-rotational transition with small energy transfer.
14 For this transition, distant collisions (JϾ50) are not completely negligible, and the assumption made in the CS approximation becomes actually poor when JϾ50. However, the dissociation occurs only through close encounters. ͑The impact parameter for Jϭ40 is still only about 1 a 0 at Eϭ10 eV.͒ Therefore, the CS assumption is rather satisfactory for 20 ϽJϽ40. When the total cross section for the dissociation is considered, the CS approximation works better, as exemplified in Fig. 9 where the deviation is less than 20%. The CS total cross section is always larger than the accurate one because of the overestimation of the angular momentum transfer at small J.
In the present study, we have also carried out the CS calculation for the distributions of the dissociative fragments ͑25͒, ͑26͒, and ͑27͒. The result for the translational and angular momentum distribution at Eϭ9 eV is shown in Fig.  10 , which should be compared with Fig. 3 . The CS distribution is qualitatively similar to the accurate one ͑e.g., the resonance peaks and the bimodal structure of the major part͒. However, some remarkable difference is present. This is more clearly seen in the angular momentum distribution of the dissociative fragments. Figure 11 shows the angular momentum distributions at the high (Eϭ10 eV͒ and low (7 eV͒ energies. It has been noted just above that the CS approximation overestimates the angular momentum transfer for low J. Correspondingly, the CS calculation makes the second peak at the higher j f too big, and shifts the second peak position toward a higher angular momentum. When Eϭ7 eV in particular, the CS method produces the apparent second peak at j f ϳ14 although the accurate distribution is an almost monotonic decreasing function there. It is quite natural that the CS approximation is less reliable for the second peak where the molecular rotation plays an important role in the CID. On the other hand, around the first peak at j f ϭ2, agreement between the accurate and CS results is good. Finally, we see the momentum distribution, which is shown in Fig.  12 . In contrast to the angular momentum distribution, the agreement for the momentum distribution ͑including the resonance peak structure͒ is generally satisfactory both at the low and high energies. The momentum distribution can be, in many cases, measured in experimental studies of CID. Since the CS calculation is much less time consuming, the CS method is expected to be utilized to make a comparison with such experimental results. To calculate the cross section for the 3BR process, the detailed knowledge like the translational and angular momentum distribution ͑25͒ is not necessary, and only the momentum distribution ͑26͒ is mostly sufficient. Therefore, the result in Fig. 12 encourages the use of the CS approximation also for the 3BR process. 
V. SUMMARY AND CONCLUSION
The CID process in the 3D HeϩH 2 system on a realistic PES has been investigated by employing a semiclassical approach. All the quantum mechanical motions ͑vibration, dissociation, molecular rotation, and intermolecular angular motion͒ are treated in a numerically accurate manner. The time dependence of the intermolecular radial distance R is determined in classical mechanics through the energy conservation ͑the expectation of the total Hamiltonian͒. For the CID process, although the accurate full quantum mechanical study is a very difficult task, the accurate semiclassical calculation is actually possible. The semiclassical method is useful to study hyperthermal molecular collisions, and further to test the applicability of various decoupled approximations.
We have found that the CID is not a major energy transfer process in HeϩH 2 at energies Eр10 eV when the molecule lies initially in the ground vibrational and rotational state vϭ jϭ0. The resonance structure due to the quasibound state of H 2 is seen in the momentum distribution of the dissociative fragments. However, the resonance contribution to the total dissociation cross section is small in the present case. The resonance effect will be more significant for high vibrational or rotational states as expected in QCT studies. 4 The CS approximation is sufficiently good for the calculations of the total dissociation cross section and of the momentum distribution of the dissociative fragments. Since the CID occurs almost through head-on collisions, the CS assumption is mostly satisfactory. However, very large angular momenta are transferred for low partial waves, and this effect cannot be accurately described in the CS approximation. As a result, the CS method is not so good for the calculation of the angular momentum distribution of the dissociative fragments. Because of this very large angular momentum transfer, the IOS approximation is no more valid for the CID process, as critically examined in paper I.
In the 3BR process, most of the recombined molecules lie in very high vibrational or rotational states. However, even if the semiclassical method is employed, an accurate calculation of the CID is not an easy task for initially very high vibrational or rotational states. Instead of the accurate treatment, the CS approximation will be promising to investigate the 3BR process because this approximation is satisfactory for the calculation of the momentum distribution of the dissociative fragments. Furthermore, it is very interesting to see to what extent the Lindemann mechanism is important in the 3BR process. The present method is able to consider such resonance effects. The application of the semiclassical CS method to the 3BR process is very interesting as a next study.
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